Regulation of synthesis of the selenoenzymes cytosolic glutathione peroxidase (GSH-Px), phospholipid hydroperoxide glutathione peroxidase (PHGSH-Px) and type-I iodothyronine 5'-deiodinase (5'IDI) was investigated in liver, thyroid and heart of rats fed on diets containing 0.405, 0.104 (Se-adequate), 0.052, 0.024 or 0.003 mg of Se/kg. Severe Se deficiency (0.003 mg of Se/kg) caused almost total loss of GSH-Px activity and mRNA in liver and heart. 5'IDI activity decreased by 950 in liver and its mRNA by 50 %; in the thyroid, activity increased by 15 % and mRNA by 95 %. PHGSH-Px activity was reduced by 75 % in the liver and 600% in the heart but mRNA levels were unchanged; in the thyroid, PHGSH-Px activity was unaffected by Se depletion but its mRNA increased by 52 %. Thus there is INTRODUCTION
INTRODUCTION
The micronutrient selenium (Se) is present as Se-cysteine in a number of proteins, including cytosolic glutathione peroxidase (GSH-Px), phospholipid hydroperoxide glutathione peroxidase (PHGSH-Px) and type-I iodothyronine 5'-deiodinase (5'IDI) [1] . GSH-Px and PHGSH-Px are involved in the regulation of intracellular H202 and lipid hydroperoxide concentrations [2] whereas 5'IDI is involved in the metabolism of thyroid hormones [3] . The Se content of diets modifies the activity and concentrations of selenoproteins, and, under conditions of limited Se supply, there are differential effects on GSH-Px, PHGSH-Px and 5'IDI activities in the liver [4, 5] . This ability of tissues to control synthesis of individual selenoproteins is vital for efficient utilization of limited amounts of the element for its most essential functions, especially as the metabolic role and relative importance of the three enzymes vary between tissues [6] . Thus it is important to compare the dependence of GSH-Px, PHGSH-Px and 5'IDI activities on dietary Se supply, and to investigate the mechanisms that regulate selenoprotein gene expression and the synthesis of these enzymes in different tissues under conditions of limited Se supply.
Se is incorporated into selenoproteins by recognition of the stop codon UGA as a codon for selenocysteine and this requires specific stem-loop structures [7] . Reduced availability of Se leads to termination of translation but it is unclear how the differential effects on expression of the various selenoenzymes arise and whether there is also other transcriptional and translational control. Although previous studies have investigated selenoenzymes in single tissues, the aims of this work were to carry out a comprehensive study to compare three selenoenzyme activities and mRNA levels in liver, heart and thyroid from rats fed on differential regulation of the three mRNAs and subsequent protein synthesis within and between organs, suggesting both that mechanisms exist to channel Se for synthesis of a particular enzyme and that there is tissue-specific regulation of selenoenzyme mRNAs. During Se depletion, the levels of selenoenzyme mRNA did not necessarily parallel the changes in enzyme activity, suggesting a distinct mechanism for regulating mRNA levels. Nuclear run-off assays with isolated liver nuclei showed severe Se deficiency to have no effect on transcription of the three genes, suggesting that there is post-transcriptional control of the three selenoenzymes, probably involving regulation of mRNA stability.
diets of different Se content, and to assess the importance of transcriptional regulation using nuclear run-off assays with isolated liver nuclei.
MATERIALS AND METHODS DNA probes and chemicals
The GSH-Px probe, a gift from Dr. P. Harrison, Beatson Institute, Glasgow, Scotland, U.K., was a 0.7 kb EcoRI fragment from the 1.5 kb cDNA of the mouse gene cloned into pUC12 [7] . The 5'IDI probe, a 0.55 kb Hindlll fragment of the rat cDNA, was a gift from Dr. M. Berry and Dr. P. R. Larsen, Harvard Medical School, Boston, MA, U.S.A. [8] . The PHGSH-Px probe [5] was a 0.8 kb EcoRI restriction fragment of the rat cDNA, and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe [9] was a 0.78 kb PstI-XbaI fragment of the human foetal liver cDNA obtained from American Tissue Culture Collection (accession number 57090). The 18S rRNA cDNA [10] Quantification of the bound probe was carried out using the Instantimager, and results for each probe were expressed per unit of hybridization achieved with the 18S rRNA probe; this allowed correction for any variation between loading of RNA on the gel or transfer to the nylon membrane. For liver and heart, samples from three animals of each group were analysed on duplicate filters (for thyroids there was sufficient RNA for only one filter) and samples from the other three animals in each group processed in parallel on a second pair of filters. Results for each filter were expressed as a percentage of the mean for animals on the Seadequate (0.104 mg/kg) diet and the data combined, thus giving means of six (thyroid) or 12 (heart, liver) values from six animals.
Nuclear run-off assays After perfusion with sterile 0.15 M KCI, to remove blood, the liver was minced in buffer composed of 60 mM KCI, 15 mM NaCl, 0.15 mM spermine, 0.5 mM spermidine, 14 mM 2-mercaptoethanol, 0.5 mM EGTA, 2 mM EDTA and 15 mM Hepes, pH 7.5, and nuclei isolated by differential centrifugation by previously described methods [16] . Nuclei were resuspended in 20 mM Tris/HCl buffer, pH 7.9 containing 75 mM NaCl, 0. DNase 1 and incubation continued for 5 min. Total RNA was isolated [13] and after denaturation (100 'C; 10 min) equal amounts of labelled RNA (3 x 107 c.p.m.) from each nuclear preparation were then incubated with separate nylon membranes on to which appropriate cDNA probes had been deposited and fixed by UV irradiation. Whole plasmids (5 ,tg/slot) containing both vector and insert were used to detect specific labelled transcripts and the vectors without the specific cDNA inserts were used as controls: GSH-Px, PHGSH-Px and 5'IDI cDNAs were all in Bluescript vector. In addition to the selenoenzyme cDNAs, the following controls were also used: for data normalization GAPDH (in pBR322), a non-selenoprotein control, /-actin (in pUC18), and, as a further negative control, the bacterial threonine B in pSVpolyA. Membranes were prehybridized at 65 'C for 30 min in S ml of Church buffer (0.5 M Na2P04, pH 7.1, 7 % SDS, 0.1 mM EDTA) and hybridization was carried out at 65 'C for 18 h. Non-specific hybridization products were removed by washing in 2 x SSC (1 h; 65 'C), 2 x SSC containing 15 ,ug/ml RNase A (37 'C; 30 min) and then 2 x SSC for 1 h at 37 'C. Under these conditions the signal obtained was linear with increasing quantities of labelled RNA. The specifically bound transcripts were detected by autoradiography and the amounts bound quantified using an Instantimager. Results were corrected for non-specific binding by subtraction of counts bound to the appropriate vector and normalized between blots by calculating the data as the ratio of c.p.m. bound to selenoenzyme cDNA/c.p.m. bound to the GAPDH cDNA.
Enzyme activities and thyroid hormone concentrations GSH-Px was measured by the method of Beckett et al. [18] , PHGSH-Px by the method of Weitzel et al. [19] and 5'IDI by release of iodine from '251-labelled reverse tri-iodothyronine [20] . There was not enough thyroid tissue to allow determination of Packard Instantimager and autoradiography using Hyperfflm-PHGSH-Px activity as well as the mRNA and other enzymes. PHGSH-Px activity was therefore determined in thyroids from an additional two groups of six rats offered the basal diet or the diet supplemented to 0.104 mg of Se/kg for 6 weeks from weaning. Plasma free and total thyroxine (T4) were determined using Amerlite MAB and Amerlite total T4 kits from Kodak Clinical Diagnostics, Amersham, Bucks. U.K.
RESULTS

Enzyme activities and thyroid hormone concentrations
Hepatic GSH-Px activity decreased in a dose-dependent manner as the dietary Se supply was reduced from an Se-adequate level of 0.104 mg/kg to 0.052, 0.024 and 0.003 mg/kg (Table 1 ). In severe Se deficiency, GSH-Px activity was reduced by over 99 %, 5'IDI activity by 95 % and PHGSH-Px activity by 75 % (Table  1) ; the PHGSH-Px and 5'IDI activities also decreased in a dosedependent manner with decreasing dietary Se. In heart, GSH-Px activity decreased by 90 % and PHGSH-Px activity by 60 % in severe Se deficiency (Table 2) ; the GSH-Px activity was more sensitive to reduced Se supply, as shown by the 50 % decrease in heart GSH-Px activity compared with the unchanged PHGSHPx activity in animals fed on the diet containing 0.052 mg of Se/kg. No 5'IDI activity or mRNA could be detected in this organ. In contrast, in the thyroid, 5'IDI activity increased by 15 %, PHGSH-Px activity was unaffected and GSH-Px activity decreased by only 50 % in severe Se deficiency (Table 3) ; thyroid GSH-Px activity was reduced to approximately the same extent in all the Se-deficient animals. The changes in GSH-Px activity confirmed the different Se status of the three groups of Sedeficient animals. Plasma total and free T4 concentrations increased as dietary Se decreased from 0.104 to 0.003 mg/kg, reflecting decreased hepatic and renal 5'IDI activity (Table 4) . mRNA analysis Hybridization of Northern blots showed that all four probes reacted to a single mRNA species in preparations of total RNA extracted from heart, liver and thyroid (e.g. thyroid in Figure 1) ; the approximate sizes of the mRNAs detected corresponded closely to the known sizes of GSH-Px (1.1 kb [7] ), PHGSH-Px (1.0 kb [5] ) and 5'IDI (1.9 kb [8] ) mRNAs.
Visual inspection of both autoradiographs and images from the Instantimager showed that, in the liver of the severely Sedeficient rats, GSH-Px mRNA concentrations were greatly reduced, 5'IDI mRNA concentrations moderately decreased and PHGSH-Px mRNA showed little or no change. Quantification of the results and expression of the extent of hybridization per unit of RNA are shown in Table 1 . The mean GSH-Px mRNA abundance in liver from severely Se-deficient animals was reduced by approx. 90 % compared with animals fed on the Se-adequate diet, that of 5'IDI was lowered by 50 %, whereas there was no significant change in that of PHGSH-Px. Both 5'IDI and GSHPx mRNAs decreased in a dose-dependent manner as the Se supply was reduced, but GSH-Px mRNA more sensitive; in liver from animals fed on the diet containing 0.052 mg of Se/kg, GSH-Px mRNA was reduced by 40% whereas 5'IDI mRNA was unchanged.
In the heart the pattern of mRNA expression was affected differently by Se deficiency; the abundance ofPHGSH-Px mRNA was not changed but that of GSH-Px was reduced by 72% (Table 2) . Interestingly, GSH-Px mRNA in the liver was more sensitive to Se supply than that in the heart: in the liver it was reduced by 40 % in rats fed on the 0.052 mg of Se/kg diet and by 80 % in those fed on the 0.024 mg of Se/kg diet, whereas in heart it was unchanged in those animals fed on the former diet and reduced by only 60 % in those fed on the latter diet.
In contrast, in the thyroid there was no significant change in GSH-Px mRNA levels in Se deficiency, whereas PHGSH-Px and 5'IDI mRNA levels increased (Table 3) . Analysis of the data showed a 52 and 95 % increase in PHGSH-Px mRNA and 5'IDI mRNA abundance respectively in the tissue from rats fed on the severely Se-deficient diet (0.003 mg of Se/kg) compared with animals fed on the Se-adequate diet (0.104 mg of Se/kg); statistically significant increases in these two mRNAs were also observed in thyroids from animals fed on the diet containing 0.024 mg of Se/kg.
There was no effect of Se deficiency on the abundance of GAPDH mRNA (GAPDH does not contain Se) in liver or thyroid and this was confirmed by analysis of the data (Tables 1-3); in heart there was a small increase in GAPDH mRNA in the severely Se-deficient rats.
The effect of dietary Se supply on the extent of mRNA translation was assessed by measuring mRNA abundance in liver polyribosomes as well as in total tissue RNA. As shown in Figure  2 , GSH-Px, 5'IDI and PHGSH-Px mRNAs were all reduced in Table 1 Selenoenzyme activities and mRNA abundance in liver from rats fed on diets of different Se content Samples of total RNA were loaded on to duplicate gels and after transfer to nylon membranes all samples were hybridized under identical conditions. Filters were hybridized successively with probes for the three selenoenzyme mRNAs, for GAPDH and finally for 18S rRNA. For each probe, the degree of hybridization was determined by direct quantification of bound DNA using a Packard lnstantimager, and the ratio of hybridization with each probe to that with the 18S probe was calculated. Results were expressed in arbitrary units and the data from the duplicate filters combined. Results are shown as means+S.E.M. for the six animals in each group. Results were compared with those obtained for animals on the Se-adequate diet by a Mann-Whitney Utest: **P < 0.01; ***P < 0.001. Table 2 Selenoenzyme activities and mRNA abundance in heart from rats fed on diets of different Se content Samples of total RNA were loaded on to duplicate gels and after transfer to nylon membranes all samples were hybridized under identical conditions. Filters were hybridized successively with probes for the three selenoenzyme mRNAs, for GAPDH and finally for 18S rRNA. For each probe, the degree of hybridization was determined by direct quantification of bound DNA using a Packard Instantimager, and the ratio of hybridization with each probe to that with the 18S probe calculated. Results were expressed in arbitrary units and the data from the duplicate filters combined. Results are shown as means+S.E.M. for the six animals in each group. Results were compared with those obtained for animals on the Se-adequate diet by a Mann-Whitney Utest: *P 0.05; **P < 0.01; ***P < 0.001. Table 3 Selenoenzyme activities and mRNA abundance in thyroids from rats fed on diets of different Se content Samples of total RNA were loaded on to duplicate gels and after transfer to nylon membranes all samples were hybridized under identical conditions. Filters were hybridized successively with probes for the three selenoenzyme mRNAs, for GAPDH and finally for 18S rRNA. For each probe, the degree of hybridization was determined by direct quantification of bound DNA using a Packard Instantimager, and the ratio of hybridization with each probe to that with the 18S probe calculated. Results were expressed in arbitrary units and the data from the duplicate filters combined. Results are shown as means+S.E.M. for the six animals in each group. Results were compared with those obtained for animals on the Se-adequate diet by a Mann-Whitney Utest: *P< 0.05; **P < 0.01. Se-adequate diets (mean values 100 + 6 and 114 + 70% respectively). Thus the decreases in GSH-Px and 5'IDI mRNAs were similar in total RNA and in polyribosomes, whereas, although PHGSH-Px mRNA was unchanged in total RNA, it was reduced in polyribosomes; this suggests that, although translation of this mRNA was reduced, its total concentration was maintained.
In a further experiment transcription of the selenoenzyme genes was assessed in nuclei isolated from livers of animals fed on either the severely Se-deficient diet or the Se-adequate diet. As shown in Figure 3 , although deficiency again caused a reduction in the levels of GSH-Px and 5'IDI mRNAs in the liver, nuclear run-off assays showed no apparent effect of deficiency on transcription of the three selenoenzyme genes. Quantification of the amounts of specifically bound transcripts confirmed that deficiency had no effect on transcription of GSH-Px, PHGSH-Px or 5'IDI genes (Table 5) .
DISCUSSION
These results clearly show that dietary Se supply regulates in a differential manner both the activity of the selenoenzymes and the abundance of their respective mRNAs. The data confirm earlier observations that the abundance of GSH-Px mRNA is greatly reduced in liver of Se-deficient rats [21, 22] and that the abundance of PHGSH-Px mRNA is little affected [5] . However, in addition, the present results demonstrate that there is individual regulation of GSH-Px, PHGSH-Px and 5'IDI such that there are differences in both the sensitivity of the synthesis of each enzyme, and the abundance of its mRNA, to Se supply within a given tissue and also differences in regulation between tissues. In severely Se-deficient animals, 5'IDI activity was maintained or increased in the thyroid with increased mRNA levels, whereas it was decreased in the liver. PHGSH-Px activity was reduced in both heart and liver, whereas the mRNA levels were preserved. In contrast, under the same conditions both activity and mRNA level of cytosolic GSH-Px were decreased by approx. 90 %. In all three tissues, cytosolic GSH-Px activity was more sensitive than 5 [24] and this may ameliorate some, but not all, adverse effects on thyroid hormone metabolism. The observed changes in selenoenzyme synthesis were accompanied by increases in plasma T4 and free T4 concentrations as dietary Se decreased ( Table 4 ), indicating that the biochemical changes within tissues were associated with some hormonal imbalances which have the potential to impair biochemical function. Se-cysteine is incorporated into proteins by recognition of a UGA (stop) codon [7] , and therefore when Se is limiting there is likely to be premature termination of translation with production of inactive abnormal protein products [8, 25] . The differential regulation of the three selenoenzymes observed in the present experiments suggests that recruitment of Se-cysteine and translation of the three mRNAs for GSH-Px, PHGSH-Px and 5'IDI are differentially controlled. Analysis of liver polyribosomes showed that, indeed, the extent of translation of GSH-Px, PHGSH-Px and 5'IDI mRNAs was different in severe Se depletion. Thus there appears to be a mechanism whereby Secysteine is preferentially channelled for synthesis of one protein rather than another. Furthermore this channelling is regulated differently in the thyroid and the liver so that 5'IDI activity is maintained in the former and PHGSH-Px activity in the latter: in the thyroid this may be affected by thyroid-stimulating hormone, as this hormone is known to induce 5'IDI and its circulating level also increases during Se deficiency; furthermore, in isolated human thyrocytes, Se supply changes 5'IDI activity in the presence but not in the absence of thyroid-stimulating hormone [26] .
Although the data show that low Se supply affects both mRNA abundance and activity of GSH-Px, PHGSH-Px and 5'IDI, the alterations in selenoenzyme activity caused by Se deficiency are not necessarily paralleled by changes in mRNA abundance. Furthermore, the nuclear run-off experiments show that, in the liver, there was no change in transcription of the GSH-Px, PHGSH-Px or YIDI genes during severe Se deficiency. This indicates that the decreases in GSH-Px and 5'IDI mRNA levels in the liver are not due to alterations in transcription. The observed changes in mRNA, at least in the liver, presumably therefore reflect differences in, and control of, mRNA stability. In severe Se deficiency, GSH-Px activity and mRNA abundance are reduced to similar extents (Table 1) and this is consistent with the hypothesis that there is increased degradation of the mRNA after release from polyribosomes due to premature termination of translation in the absence of Se-cysteine. However, the data in Table 1 also show that GSH-Px activity is more sensitive to low Se supply than its mRNA concentration, suggesting that the fall in mRNA concentration is not simply a consequence of premature release from polyribosomes and subsequent degradation but that a second mechanism exists; perhaps this involves the ability of Se to stabilize GSH-Px mRNA.
In severe Se deficiency, the changes in PHGSH-Px and 5'IDI activities do not parallel changes in their mRNA levels: in the liver, although PHGSH-Px activity decreased and this was reflected in lower PHGSH-Px mRNA abundance in polyribosomes, total mRNA abundance was maintained, suggesting that a proportion of this mRNA remained untranslated under conditions of severe Se deficiency; similarly, in the heart, PHGSH-Px activity was decreased whereas mRNA abundance was maintained; in the thyroid, PHGSH-Px mRNA levels increased whereas activity was unchanged, and 5'IDI mRNA concentration increased by a much greater extent (95 %) than enzyme activity (15 %). These differences could reflect a compensatory control mechanism regulating gene transcription or regulation of mRNA stability. In view of the lack of effect of Se deficiency on selenoenzyme gene transcription in the liver, we suggest that the differences in the responses of the GSH-Px, PHGSH-Px and 5'IDI mRNAs in Se deficiency are due to different stabilities of the mRNAs and differential regulation of their stability (by Se and other factors) in liver, thyroid and heart.
In conclusion, the present data indicate that there is differential control of GSH-Px, PHGSH-Px and 5'IDI expression both within a tissue and between liver, thyroid and heart, implying that some mechanism exists to allow synthesis of particular selenoproteins in different tissues; in the liver, at least, this involves post-transcriptional regulation.
